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1. !~t;r~~ct:on.  

:;'.o~al  at.oorptic.n detcctoro, or "calorimeter" detectors, are widely employed 

in parti~le  P~J:ics.  Cne of the ap~lications  of nuch detectors is to the study 

cr ~.:1t:;.t';'l"'~icl~  cv-inte of h1c,h ~ (t rnncvcz-ae t10c'.:·ntlL'n). Follm/ing the ::;UCGe~t1on  

of =;:r,-~n(llthat  a calorimeter t>7e detector would be attractive to use in such 

st~~:es,  ~1  fol1o~i"6  the discovery of an unexpectedly large production cross

s,,:t~c::.  for h1Sh-p; l:adron" in pp collisions at hiCh energies (2,3,4), the neces

s~J  preperties of a suitable calorimetcr system to study multipo.rticle high P 
r 

eve::.t: ~ere  exa=ined by selove(5). In tr~t  work it ~~s  concluded that a suitable 

e~or~oter  tyote: cost have enerLY resolution of a certain minim~  quality, 

and sn-~d  have (a) a: ti~h  de::.oity as po:sible (for economic reanons), and 

(b) a l:~ct decree of se,~.er.t~r.g  in area. In a serie: of measurements by� 

A, ~.  Er.L~  et 0.1.(6,7) it .~s  sho'Jn trat the energy resolution and density� 

re~uire=ents  could be cet by a sa:pling type steel-and-scintillator construction(8,9);� 

tbe r~i"~6  design feature to be sati:fied .~s  that of suitable segmenting.� 

An i~cal tj~~  o~ :e~entinG for a o~tiparticlc hadron celorimeter would 

be C~e ~~~c~  ~C~~ t.a,e :ini=~  deed sr~cc  between adjaccfit lnt~ral  s~gmcnts.  

)~~co,e~1  s~cc  t~e  ~&dro~  ca~oriceter  needad must typically have a total 

tt~c~~~!S  c~  5 ~o S abzo~p~1o~ leneth~,  the sicnal collecting system should 

~~  i~~:~~cce  ur.dwly l~ge g~ps in the depth direction. 

Cne ir.;enio~s sol~tion  to tha 1'robloo of caking a hiChly seemented calor

~~ter  ~ith  no la:;a dead space or gap: has beer. dave loped by Willis(lO). He 

~ses ~~  i:~i~~tic~  c~~oer ~~e of opera~ion,  with liquid argon, and plates of 

i~n  or o:ter :a~erial.  "e h~ve  developed a seGPcnted ealoricater using scintil

later to pro~ide  t~e  output signal rather than ion collection. While the ion 

colle~~icn  o~stc~  hus a n~ber of Virtues, the scintillator systa~  has the 

ad¥~~~aco.  of (1) a rcugr~ 10- to 20-fold creater spead, (2) more readily 

..:c¥"d~nb a s~;le  ~~d flexible ~~dular  d~o"Gn,  and (3) intrinsically greater 

free~~  f:c~  prc~le~  L~troduced  by electronic ~plrrier  noise. 

:'" or~er  to ca.'te a :"-,,pUr..; caloriccter IlJray of segmented ch£.racter 

"1.t~.cut  lu,;e dead space or gaps, a very COClpact light collection systelll is 

neee""a...... 'Io:e l'.:ove d"veloped such a co=.pact systeCl, with lIlodules which C&.ll be 

at~l>cd. in int~te  proxilllity, using th.e tluorescence ro.diation converter 

mechanism described In detail by Keil(11,12,13). 

In Section 2 we give some general requlre~entB  on the se~ented  calorlceter. 

In Section 3 we describe the first such segnented calorieeter syste: built using 

this fluorescent bar technique; this system used liquid scintillator. In tbe 

subsequent sections we describe our studies of a nu=ber of different scintilla

tor-fluorescent bar combinations, with the detailed properties whicb led us to 

the choice of BEQ-doped acrylic for waveshifter bars. We bave built a large 

segmented calorimeter array using this material, and have used that array to 
(14 15)

study multi particle high Pr events in hadron-hadron colli.ions ' • 

2. General Requirements on the Segmented Calorimeter. 

For the calorimeter systelll for which the present materials and design were 

developed, the following considerations were of r4jor iQPortance: 

(1) Transverse dimensions of individual seg:ents. PreliQinary studies .nd 

existing information indicated that dimensions ranging from perhaps 15 ea x 15 c. 
to 30 em x 30 cm would be needed. 

(2) Uniformity of response. For use with steeply falling high-Pr event spectra. 

it is highly important to have response as uniform as possible over the area of 

the calorimeter. 

(3) Sampling thicknesses, of metal and of scintillator. The choice of theae 

thicknesses is dominated by considerations of energy resolution and of econo2y. 

(4) Modular type of construction. This type of construction would have advan

tages of flexibility and of facilitating an arrangement in which succesaive depth 

layers could subtend roughly similar angular intervals at the tar~.t  • 

(5) Feasibility of close-stucking of individual modules. so ss to reduce or 

effectively eliminate dead spaces. 

Further information on item~ 1 and 3 is to be found in references 6, 7, 16, 

and 17, Considerations 2, 4, and 5 were all satisfied by a design we have developed. 

adopted from the fluorescent-bar technique described by Keil(12.l3). ~a  studied 

the relevant properties of various possible acintillator and wave-shifter 

materials, including a nu:har of materials spacifically prepared for pos~lble  use 

..� 
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in such a detector. The final dedign and final choice of materials made poasible 

the construction of a cocpact modular system satisfying all the major requirements 

outlined above. Details of these studies are given below. 

3.� Liquid Scintillator and MSB Bar. 

We first constructed a fluorescent-bar-light-collection calorimeter module 

using liquid scintillator. After extensive tests on transparency, uniformity, and 

light collection efficiency(18) , we arrived at a design using special liquid scin

tillator from which the normal wave-shifter was omitted(19), and using (bis-)MSB

doped-acrylic bar as the light collector material(20). 

The design is illustrsted schematically in Figure 1. Four segments, 30 em 

x 30 cm each, were contained in a single liquid-tight box, of thickness typically 

about 90 em and 3 absorption lengths long. Figure 1 shows the construction 

technique for two such segments, one above the other. The liquid-tight b~xes  

could be stacked in very close proximity, in all three dimensions. The light 

collection system used thin strips of MSB bar, 10 mm x 3 mm in cross section, 

with the li,ht piped to photomultipliers cuntained in a liquid-tight compartment 

tnside the box. The MSB bars were contained in special liquid-tight UV-trans

mitting rectangular tubes, which extended from top to bottom of the box. 

A set of several segmented modules was built, and was used in 1975 to test 

the� unifo~ity  of response, the energy resolution, the shower size, and the 

feasibility of measuring high-PT events with such a system. lhe uniformity of 

this sy s t era was roughly + HY'1.. over the area of a segment, except for a severe 

hot spot found at the Ph:tomultiPlier cathode(16). Using trigger scintillators 

to avoid this hot spot, useful results were obtained on energy resolution and 

on shcve r size. and measurements of high-P cross sections showed that such a
T 

calorimeter, with hot spots aVOided or removed, ,could be used successfully to 

measure high P eventS. The principal results on energy resolution, and onT 
shower size and characterlsticd, are descriLed in reference 16. This design, 

~ith  liquid scintillator, constituted the fir~t  use of the fluorescent-bar 

~echni;uc  to ma~e  a com~ct stackable scintillation calorimeter module. 

Upon the completion of our work with this liqui~  scintillator system, we 

bagan the design of a much larger calorimeter array, for an experiment to study 

high PT events. Our use of liquid scintillator had been primarily motivated by 
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economic considerations. It was clear that tne mechanical design would be much 

simplified if one could use solid scintillator instead of liquid scintillator. 

At just that time we learned that a solid scintillator (acrylic) of very much 

reduced cost, and at the same time of excellent mechanical and aging properties, 

had just been developed by W. Kienzle and associates, working with Roehm GmbH 

of Darmstadt (21) • We thereupon undertook a detailed study of various scintillator 

and wave-shifter-bar materials, aimed at the design of a suitable calorimeter 

module using solid scintillator. 

4. Choice of Materials. 

4.1 General Principles 

The waveshifter light collection technique for calorimeters has two 

major virtues: 
(a) The light collection system can be made very compact, minimizing 

"dead" areas. 

(b)� Given suitsble materials the light collection from a pi~ce of 

scintillator can be made very uniform. This is a particularly 

important feature for work with steeply falling high PT sp~ctra. 

Two of the basic principles ~overning  the design of a satisfactory system 

have been excellently described by Kef L, 

(1) The materials used must have suitable absorption and emission spectra ~o  

as to match the scintillator to the wave-shifter bar(WSB). and the latter to the� 

photomultiplier used.� 
(2)� For uniform response over the area of the scintillator, as well as for high 

final light output, both the scintillator and the WSB must not hdve too great 

self-absorption effects.� 

In addition to these two principles. thrp.e others are of high importance for� 

a calorimeter to be used to measure steeply falling high-Pr spectra: 

(3) The scintillator-WSB combination, and the actual light pipe system to be 

used. must deliver sufficient signal so that the calorimeter energy resolution 1s 

not badly worsened because of statistical fluctuations due simply to low numbers 

of photoelectrons. 

(4) The decay time of the WSB should be relatively short. to permit selection 

( (� ( 
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of the desired rare events in the presence of a high total beam interaction rate. 

(5) The calorimeter must not have "hot spots,,(5,16). and therefore the signal 

produced when particles pass through the WSB must not be larger than that produced 

Yhen� particles pass through the scintillator. 

In order to make a first determination of the practicality of satisfying 

these 5 principles, ~e  made measurements of 

(i) the light output in bars of different materials, candidates for scintil

latora and for WSB's. when traversed by fast charged particles. 

(ii)� the uniformity--i.e., the self-absorption effects--in bars of 

these different materials, 

(iii) the light output of different combinations of scintillators and 

wave-shifter bars, 

(iv) the uniformity of response over the scintillator area, for various 

scintillator-WSB combinations.� 

These ~easure~ents  are described 1n Sections 5 and 6 below. In the remainder� 

of Section 4 we describe the way in which we arrived at a choice of Cvnverter� 

~terial  for a solid-scintillator system. 

4.2� Characteristic Wavelengths of Various Materials� 

In Table I we list some characteristic wavelengths of various materials� 

we worked with, and of two photomultiplier cathode types. The peak positions in 

. ethanol are taken from Berlman(22). except for Coumarin 102(23). The BBQ peak 

positions were measured by us. The photocathode peak absorption wavelengths are 

taken from the RCA photomultiplier specifications listing(24). From the data 

shown in Table I, one can make a preliminary choice of materials which may be 

well matched. For example, PPO, a common primary sct~tillator  phosphor, gives 

l1ght which is w~ll  absotbed by either POPOP or bis-MSB, con~on  wave-shifter 

"secondary" phosphors, which in turn give light at a wavelength well matched 

to the common photocathodes listed. Of course Table I gives only a first indi

cation of the matching quality of different combinations. A more detailed 

evaluation can be made by examining the full details of the emission and absorp

tion spectra. In particular the critical question of the magnitude of self

absorption effects for a given fluorescent material depends on the detailed shape 

and magnitude of its absorption and emiBsion spectra where the two overlap. 

4.3� Th2 Use of Waveshifter-less Scintillator 

Normal scintillators contain both a primary and a secondary (vvavc--eh Lf ce r ") 

phosphor. An obvious first approach to making a conversion-type WSB light collec

tion system is to try to leave the wave-shifter out of the scintillator and put 

it instead into a separate fluorescent 'bar. We used this approach in the calor

imeter described in Section 3, using special liquid scintillatot with only a pri

mary phosphor, PPO, and using one of the common secondarj phosphors, bis-MSB, 

in a separnte acrylic WSB. Detailed measurements(18) showed that this wave

shifter-less liquid scintillator, and MSB bat, gave adequate light output and 

satisfactory uniformity for initial calorimeter tests, as described in Section 3. 

While we were developing this liquid-scintillator-and-converter syste~  we 

also ttied to make a Bimilar system using waveshifter-less solid scintillator 

instead of liquid scintillator. We prepared numerous possible scintillator 

samples, and also had many samples cast for us by experienced plast~c  fabri~atcrs.  

All of these samples used acrylic (PMMA) as the bas. material. Although it was 

evident that aromatic type base materials such as PVT could give much more light 

output we were deterred from using it both for economic rea~ons  and because of 

the relatively poor aging properties of common PVT-based plastic scintillator, 

with major surface crazing developing typically within months, as experienced 

by us and by numerous colleagues. 

Our attempts to make an acrylic-based scintillator. using na?hthalen~  as 

an intermediate energy transfer agent(25) and usi~g PPO or p-terphenyl as the 

"primary II scintillator solute, with no further wave shifters, gave poer results. 

All of the samples we tested had very severe internal absorption, and consequently 

very low light output from samples of the size needed for a practical calorimeter. 

4.4� Solid-scintillator-and-converter Systems with Waveshifter in Both ~~terials  

Since the attractiveness of a solid-scintillator system ~as  great, even if 

the disadvantages of normal plastic scintillator were to limit its use to only 

a part of the final large scale calorimeter array, we proceeded to investigate 

the use of normal plastic scintillator in a converter-type arrangement. For this 

purpose we first tried a green fluorescent wave-shifter for the converter bar, 

a wave-shifter used in Nuclear Enterprises' NE-103. Although the resulting 

green light is not aB well matched to normal photomultiplier photocathode 

sensitivity curves as is the blue light from normal scintillators, we found we 

could get a sufficientlY large Bignal from such a system. Our first meaBurement3 

on such a system were made using NE-l03 for the converter bars. 

(� ( ( 
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For a practical calorimeter system for use in experiments with steeply 

falling high-p! spectra one can net make converter bars out of material such as 

scintillator, since particles passing through the converter bar would make a 

signal much larger than the signal from particles passing through the (non-converter) 

main scintillator, and this is intolerable in a detector for such high PT 

experiments. Accordingly, we undertook the fabrication of waveshifter converter 

bars ·,hich would use the same "green" waveshif'ter used in NE-103, but which would 

not give a large signal from particles directly hitting the converter bar. 

4.5 BBQ Converter Bars 

liuclear Enterprises supplied us with a quantity of the waveshifter material, 

"BOO.", used b"J them in NE-103. He undertook to prepare, and to have prepared for us, 

EBQ-doped acrylic bars. Both our own efforts to make such material, and the efforts 

of exper'Lenced acrylic casting fabricators, showed that the BBQ. inhibited the 

polynerization of methyl methacrylate, and the resulting doped acrylic bars had an 

uneven optical appearance as seen through the end of the bar. Since the existence 

of NS-103 made it clear that EBQ could be used readily to dope PVT, we also under

took to bave EBQ-doped PIT prepared for us. Nuclear Enterprises Inc. very kindly 

prepared both EEQ.-doped acrylic and EBQ-doped PVT for us, in samples of various 

thiC?J~~SSe3  and with v&xious BB~ concentrations. The BBQ-doped PVT had an excellent 

c~~ical  ap~earauce,  while the BBQ-doped acrylic had the uneven appearance we had 

previously found. He were nevertheless able, with.these semples, to make tests of 

conversion efficiency and other properties, for both BEQ-in-acrylic and BEQ-in-PVT. 

These tests showed (see Section 5) that the "direct" signal produced when 

charged particles passed through BBQ-in-PVT was many times larger than the direct 

si~,al  for EEQ-in-acrylic. This difference presumably reflects the more 

efficient conversion by PVT tha" by acrylic of ionization-produced excitation and/or 

Cerenkov radiation into photons by the BEQ. 

"t about this time we were beginning to investigate the possible use of the 

acr,lic scintillator just then developed by Kienzle with Roehm GmbH(2l). From 

ligt.t output tests we had already made, it was clear that if BEQ converter bars 

• e,.e ,0 be usable with that acrylic scintillator they would be Llsable only for 

8G./s.crylic and not for BBQ/PVT. Koehm kindly prepared various samples of 

:3EQ-doped acrylic for us. These were of uniformly excellent optical quality. 

We tested this BBQ-a.erylic material, as well as other material, in a converter-

type arrangement. From the results, described below, we concluded both that this 

BEQ-doped acrylic was highly satisfactory for a conver-ter type calorimeter using 

acrylic scintillator (Robaglas 1922 (26), and that the 1922 - BEQ combination 

was superior to any other acrylic-scintillator-WllS combination we tried. We 

accordingly finally adopted this combination of Rohaglas 1922 and BBQ bo.rs fCJr 

the calorimeter array we built. 

5. Bar Tests of Light OLltpUt. 

5.1 Test SetLlp, and ResLllts 

To� measure the absolute signal produced by charged particles traversing 
106 

different samples, we used the test setup shown in "igure 2. A RLl beta source 

was Llsed to give traversing particles. The trigger cOLlDter was used to generat~  a 

gate signal for a PIIA (pulse height analyzer), and the output pulses from the P.·lT 

shown, after passing through an adjustsble attenuator, were displayed on the rnA. 

The system was calibrated in terms of photoelectrons per FHA channel, us Lng 

.an LED instead of the Ru source. This calibration used the width of the pulse 

height spectrum from the LED to give the number of photoelectrons, N , corresp.e. 
ponding to the peak of the spectrum. Calibration was typically carried out with 

LED pulser voltage, and PMT high voltage, set to give a spectrum of iWHM about 

23.5%. The pulse height spectrum under these conditions was very closely 'Ja,ussian, 

and our calibration calculation assumed that the standard deviation of that spectrum 

was given by� 

a (in PllA channels) _ _1__� 
peak (in rnA channels) ~ 


 

p ,e , 

we use this relation to calculate N from the observed ratio (J /peak. we have p.e.� 
fOLlDd by comparision with other methods of determining N that this procedure·�p.e.� 
gives a close approximation to the actLlal number of photoelectror.s.� 

The same photomultiplier, an RCA 6342A/Vl (bi-alkali), was used for all 

measurements • 

Typically we calibrated with the attenLlator (see above) set to 26 or 32 db, 

and the LED and HV adjusted to give N =100 at a convenient channel number. say at 
p.e.� 

channel 100. Measurements on individual samples were then made by changing the� 

attenuator setting until the sample produced a pulse height spectrum again peaking� 

near cbanne.L 100. In this way, measurements could be made with good reliability� 

and reprodUCibility down to signal :\.evels as low as & few photoelectrons.� 

(� ( ( 
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We made measurements on 12 samples. For each sample the measurement was made 

using a bar of 6 to 10 mm thickness. In each case the encJ. of the bar WlloS painted 

black, using a paint which gives total optical absorption. The PMT was optical1¥ 

shielded from any light originating in the trigger scintillator. 

The results are given in Table II. The low light output from BBQ, MSB, and 

Coumarin 102, in acrylic, is to be particular~  noted in comparison with the 

signal size from B~  in PIT. 

5.2 Self-Absorption Effects 

We have made detailed self-absorption measurements on several materials. 

In general these measurements show results similar to those reported by Keil (11, 13). 

As the Ru source and trigger counter are moved away from the "output" end of the 

sample, there is in general an initially very steep fall-off, followed by a slower 

nearly exponential attenuation. For the last three entries in Table II, the 

light output produced by the ruthenium source was too small to readi~  permit 

measurement of self-absorption. We report below, in Section 6.4, self-absorption 

measurements on B~ bars using a different method of excitation. 

6. Scintillator-Converter Tests. 

6.1� Test 3etup 

<or'our calorimeter design, we chose to study most~  the triangular geometry 

described by Keil(12),because it p~omised  to give both better uniformity and 

greater light output than a rectangular geometry. According~,  we worked with 

the test setup shown in Figure 3. 

With this setup we measured the light output for different combination of 

=aterials (Sec. 6.2), the uniformity over the triangle (Sec. 6.3), and the 

conversion efficiency and self-absorption in the converter bar (Sec. 6.4). 

In all of this work ~e used trian~e  specimens always with a truncation at one 

corner, since for our calorimeter design we bring the light pipes out of each 

"""dule through a truncated region at the corner of the module. 

In this work, we studied at times the effect of a yellow filter introduced 

between the converter bar and the photomultiplier. It has become common practice 

to use such a filter to reduce the non-uniformity coming from self-absorption 

effects. 
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6.2� Light Output. Remarks on Materials. 

We measured the light output from several different scintillator-eonverter 

combinations. Pilot F, Plexipop, and B~  have been described above, in Sections 

4.4 and 5.1. The fabrication and tests of a-NPO and Coumarin 102 were motivated 

by our attempt to find primary and secondary wave-shifters which would produce 

a final light spectrum peaked at shorter wavelength than the light from B~,  so 

as to give higher photomultiplier efficiency. The peak wavelength for eJ:lissioL 

from Coumarin 102, as listed in Table I (for ethanol), appeared to offer the 

possibility of better matching to standard photocathode spectral response curves. 

And a preliminary investigation of the probable self-absorption effects and of 

the probable fluorescence decay time appeared promising(27) • 

For these measurements the Ru source was located near that corner of the 

triangle farthest from the converter bar. 

The results of the measurements on 4 combinations are given in Table III. 

We give there also some measurements which give self-absorption information on 

the converter bars. 

The� results in Table III show the following. 

(1) The CX-NPO/Coumarin 102 combination gives very low light output. 1,e checked 

the fluorescence decay time of the Coumarin bar and found it to be less than 

5 nsec , We conclude that the spectr" of Ct-NFO and Coumarin 102-in-acrylic are 

not well matched. or the Coumarin bar has severe self absorption, or both. 

The result, in any event, was so poor that we did not pursue this combination 

further. 

(2)� The Plexipop E/B~  combination gives about the same jaf, si,;nal relative 

to Pilot F/Bf!/;i, as does the simple Plexipop E bar relative to the Pilot F bar 

(see Table II). 

(3) The attenuation in the B~  bar appears to be about 11> per centimeter, for� 

distances of 5 em or more from the output end, except for the Cl-NPO/BlQ combin�

ation, for which the rather large scintillator thickness made the measurements� 

more� difficult. 

(4) The signal size from the Plexipol' E used with this BN converter bar� 

appears to be appreciab~ greater per mIll of thickness than the direct signal. for� 

charged particles traversing the B~  bar itself (Table II). The two signals can� 

be brought closer to equality by using a "weaker" ~  bar--see below.� 

6.3� Uniformity Over the Triangle� 

Next, using a B~ bar, we made measurements with the Ru source and trigger� 

\. (� ( 
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scintillator moved to various loce.tions on the triangle. In Figure 4 we show the 

locations at which measurements were made. We found the surprising result, given 1n 

Table TV, tbat both for the Pilot F triangle and the Plexipop E triangle the light 

output was uniform to within ± 5~ at all points measured. In this triangle 

geometry the light reaching the converter bar is the sum of light coming over many 

separate paths. Evident1<f this produces very great uniformity for the triangle 

size used, one half of a 15 em x 15 cm square. 

We report further measuremcnts bearing on the uniformity, below. 

6.4� Self-Absorption, and Relative Conversion Efficiency, for Different BBQ Bars 

Using the setup of Figure 3, we studied the ~onversion  efficiency, and 

self-absorption effects, in several different BBQ bars. For these tests, we 

used a yellow filter between the end of the BBQ bar and the photomultiplier. 

The filter was made of Ibhm & Haas PleXiglas 2306(28), 3 mm thick. This material 

bas a fairly sharp cutoff for wavelengths below 470 nanometers, and serves to 

reduce the effect of self-absorption in BBQ. Results are given in Table V. 

·6.5� Effects of Reflectors on the Converter Bar. 

For short bars, for example for use with 15 cm x 15 em modules, the self

absGrptio~  per em indicated in Table V does not cause a very serious loss of 

light ever the length of the bar. The uniformity can be further ir.proved, and a 

substantially larger light output obtained, by using a reflector at the end of 

the converter bar. Accordingly, we tested bars of length which just matched the 

triangle edge, with and without Alzac (treated aluminum) reflectors at the end of 

the bar. At the same time we tested the effect of a long Alzac reflector running 

along the length of the bar on the side away from the triangle; the effect of this 

reflector is a measure of how much of the scintillator light fails to be converted 

on a single pa3sage through the converter bar. 

For these tests, two BBQ bars were prepared, 3mm .and 6 mm thick respective1<f,� 

and 12.7 mm wide by 17 em long. At the photomultiplier end, each bar was� 

c~~nted to a 5 cm long piece of clear acrylic, of the same. transverse dimens10ns� 

as the bar. A yellow filter, of Rohm and Haas 2306 acrylic, was used at the� 

photomultiplier.� 

These measurements were made, for this report, at a time considerab1<f after� 

all measurements given earlier. With the passage of time, the Pilot F triangle� 

used for these measurements, the same triangle used for the measurements of Tables� 

III and V, had suffered extensive surface crazing, and the signal produced was� 

on1<f about 60% of that found in the earlier measurements. (The photooultiplier 

sensitivity, and the signal level from Plexipop E converted. with BBQ, had not 

changed significant1<f.) 

The results of these measurements are given in Ta.ble VI. These results nbow 

that for thene 17 cm long bars 

(1)� the end Alzac increases the signal about 60% for the 3 mm bar and about 

75% for the 6 mm bar, 

(2)� the away side Alzac increases the signal about 3~  for the 3 111m bar and 

about 12% for the 6 mm bar, 

(3)� if no reflector is present on the 3-way side, the 6 rom bar gives about 50% 

more signal than the 3 mm bar; if an aW8¥ side reflector g present, 

the increase is about 3~.  

7. Final Comments. 

On the basis of the meanurements reported here, we built a 15 = x 15 em 

calorimeter module, using 3 mm BBQ bars, 0.02% concentratioD, and Rohaglas 1922 

acrylic scin1;illator, which is similar to Plexipop E. The uniformity of response 

of this module was then carefully measured, using penetrating muons, in the M-5 

beam at Fermilab. For muons travers'.ng the module lengthwise, the response was 

found to be uniform to ± 3~ at all points, including the waveshifter bars (17). 

We thus found that Rohag.Las 15)22 and B:&:l, waveshifter bars, with the dimensions 

and concentrations given, produce a calorimeter module of very good ll"iformity. 

Subsequent to the work here, we supplied samples of BB< and B:&:l,-doped 

acrylic to B. C. Barish. Barish et a.L, have subsequently employed related 

techniques, using BBQ fluorescent converters(29). 
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assistance in the early development of the solid scintillator system, and we 

thank L. Cormell for invaluable assistance in the uniformity measurements on the 

final calorimeter module(17). We also thank J. Bednar, T. Kondo, L. Kroger, 

and B. Yost for much assists.nce. This work was supported in part by the U. S.· 

Department of Energy. 
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TABLE 1. Characteristic Wavelengths or Various Materials 

Material 
x, nm, ror ( ) >.., nm, rorA. In eth&nol peak emission a peak absorption 

Pro 360� 347� 
PORlP� 410� 358� 
bis-MSB� 418� 347� 
Q-NRl� 398� 329� 
Coumarin 102(b)� 466� 389� 

B.� In acrylic 

BB;< (b) 
493� 380� 

C.� Photomultiplier cathodes (c,d) 

S-l1 
440� 

bi-alkaJ.i� 
385� 

(a) On a curve or photon rlux per unit wave number. 

(b) See text 

(c) "Peak absorption" here denotes wavelength ror peak CJ,uantum efficiency. 

(d) 
At� the BB:< emission peak, tte RCA/photomultiplier brochure (24) gives 

typical CJ,U&ntum efriciency values or about 12.5% for S-l1 and 13.3%ror hi-alkali. 

TABLE II. Light Output from Bar Samples 

Bar Width, Length 
N(a)Material Thickness (mm) (mm) x(cm) N p.e. p s e , W L per 6.35 DIll 

Pilot F(b) 9.5 12.7 100 7.5 174 . 116� 
NE 110(b)� 6.35 12.7 200 10 100 100� 
Plexipop C(c) 10 12.7 100 7.5 31 20� 
Plexipop n(c) 10 12.7 100 7.5 48� 30� 
Plexipop E(c) 10 12.7 100 7.5 43 27� 

a-NPO/acrylic C(d) 10 11 300 8 33 21� 
a-NPO/acrylic E(d) 10 11 300 8 29 18� 
BBQ/PVT(e) 6.35 12.7 300 10 27 27� 

(0.25 gm/liter) 

BBQ/PVT(e) 6.35 12.7· 300 10 29 29� 
(0.5 gm/liter)� 

BBQ/acrylic (f) 6 12.7 600 10 1'.3 1.4� 
(0.02% by weight)� 

bis-MSB/acrylic(b) 6.35 25.4 250 10 2 2� 

Coumarin 107/acrYli~f)6 12.7 600 10 1.5 1.6� 
(0.02% by weight) 

(a)Measurement accuracy ±5%. 

(b)Nuclear Enterprises Inc., 935 Terminal Way, San Carlos Calif. 94070� 

(c) Roehm GmbH,� Darmstadt, Germany. PlexipQp C,D.E were Roehm developmental 
types 1918/4820 C,D,E respectively. They are similar to Rohaglas 1921,1922, 
1924 respectively. 

(d) Acrylic scintillator specially prepared for us by Roehm--similar to 
Rohaglas 1922 but with a-NPO replacing the normal POPOP. a-NPO concentratio,n 
0.01% by weight� in sample lien, and 0.05% in sample "E". 

(e) Specially prepared for us by Nuclear Enterprises Inc. 

(f)Specially prepared for us by Roehm GmbH. 

( 
( 
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TABL.": III , Light O"tput from Different Scintillator/Converter Materials (a) 

(d)Scintillator (b) Converter Be.r(c) x(cm) (a) N N p.e.triang].e� ~rel0  111m 

Pilot F B!Q 5 ~5.2(e)  16.0 
38 ~O.9 ll.5 

P~exipop  E B!Q U.5 4.6(0.) 4.6 
25 3.8 3.8 
37.5 3.5 3.5 

a-NPO 0(1') BlQ U.5� 45 
37.5� 3 2.5 

(no peak) 

a-~'1'O  D(f) Coumarin ~02 U.5 < L <1 

Ca)� Setup as in Figure 3. The far end of each converter bar was painted black. 

(b)� For scintillator dimensions see figure 4 and Table IV, and footnote (f) ':>elow. 

(c)� 7he B3~ and Coumarin 102 acrylic bars, both 6 mm thick, are described in 
rable.II. 

(d)� }~easur,,",ent  accurecy e 10% except when N is Les s than 3. 
p ;e , 

(e)� The PiMt F and Plexipop E trie.ng~es were r e-maasured two years after the 
Jle>:.surements given here. After this time interva~  the Pilot F triangle had 
developed substantial. cr-azIng , 'l'he results of the later measurements show the:!; 
the signal size fro~  the Plexipop E triangle was unchanged, while that from the 
crazed PiMt F triaIl~e had dropped to about 6r:J% of its original value. 

(f)� ~he  '.<-!1?O D triangle had 0.02"/0 a-NPO in place of ?CPOP but was otherwise� 
similar in cOlllposition to P~exipop  E. The dimensions were (see ],'igure 4 for� 
:'lOtation) A=lO.8 em, B=~7.8 em, C=3.8 em, thickness =1.2=.� 

Uniformity over the Triangle(a.b)TABLE IV. 

Source location(a) N 
(c)

position(a) x(cm) y(cm) p.e. 

A. Pilot F triangle(d) 

7.6 5.1 191 192 6.4 7.6 
18.73 14.0 0.6 

7.6 0.16 18.54 
2.5 3.18 19.55 

B Plexipop E triangle(d) 

7.6 5.1 51
2 6.4 8.9 5 

412.7 1.33 
4 15.2 1.3 4 

4.58.9 0.65
6 2.5 3.2 5� 

7� 4.4 0.3 5 
5 
58 4.4 1.9 

6.0 0.59 46.0 4.410 

(a) See Figure 4. 
(b)Measured with a BBQ bar, 0.02% BBQ by weight, 6 x 12.7 x 290 ~, end painted 

black. Triangle starts 5 cm from photomultiplier. Triangle has edges covered. 
with Alzac. See Figure 4. 

(c)Measurement accuracy: ±3% for Pilot F. ±6% for Plexipop E. 

(d)Oimensions of triangles: Pilot F--A- 10.2 em, B-16.7 em. C-3.8 em, thickness 
-0.95 em. Plexipop E--A-lO.8cm, B=~7.8  ~,  C=3.8 em, thickr,ess=l.OO em. 

\ (� (� 
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TABLE V. Conversion Efficiency, and self-Absorption(a,b) 

x(a) (d)Bar BBQ� N Approximatep ,e ,Thickness (c) Concentration� attenuation 

2_ 0.02% by weight 12.5 cm 7.6 2.8%/cm37.5 3.8� 

3mm 0.01% 12.5 5.2� 0.8%/cm37.5 4.2� 

3mm 0.02% 12.5 8.5� 2.0%/cm37.5 5.2� 

6mm 0.02% 12.5 13.5� LO%/cm37.5 10.5 

(a) See Figure 3. A yellow filter was used for these measurements--see text. 

(b)A Pilot F triangle was used. For its dimensions see foo,note d, Table IV. 

(c) All bars listed above are 12.7 mm wide, 60 cm long, and painted black 
at the f~r  end. 

(d)Measurement accuracy ±5%. 

TABLE VI. Effects of Reflector~a,b.c) 

(e)Bar (d) Far end Away side NThicknesa� p.e. 

3mm� black(f) blank 5.4� 
black Alzac 7.2� 
Alzac blank 8.9� 
Alzac Alzac ILl� 

6mm black blank 7.8� 
-bLack Alzac 8.7� 
Alzac blank 13.9� 
Alzac Alzac 15.4� 

(a) See Figure 3. 

(b) Pilot F triangle used, dimensions given in footnote, Table IV. The surface 
of this triangle was very crazed at the time of these measurements. 

(c)A yellow filter, 3 mm thick Rohm and Haas 2306, wss used for these measurements. 

(d)Bara are BBQ in acrylic, 0.02% by weight, 12.7 mm wide x 17 cm long. 
See text for light pipe information. 

(e)Measurement accuracy ±4%. 

(f)"Black" meana optically absorbing black paint. "Alzac" meana Alzac 
with air gap. 

(� ( ( 
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Figure Captions 

!!.&.:.....l. One gap of a 2-segment liquid-scintillator calorimeter. The faces of 
this compartment are made with "a rr" reflectors, sandwiches of 
acrylic sheet-air-acrylic sheet. The edges of the compartment 
have Alzac reflectors. 

~. Bar test setup. The PMT (photomultiplier tube) 
6342A/Vl (bi-alkali) for all tests. 

was an RCA 

~. Triangle-and-converter test setup. For dimensions see Table III. 

~. Uniformity measurements on triangles. The numbers refer to the 
positions at which measurements were made. W· 5 em. For all other 
d.imensions see Table IV. 
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